MATERIALS AND METHODS:
Blood products were prepared from syngeneic rat blood. EVs were removed from RBCs and platelets by washing. Plasma was filtered through a 0.22-μm filter. Rats were traumatized by crush injury to the intestines and liver, and a femur was fractured. Rats were hemorrhaged until a mean arterial pressure of 40 mm Hg and randomized to receive resuscitation with standard or washed/filtered blood products, in a 1:1:1 ratio. Sham controls were not resuscitated. Ex vivo whole blood stimulation tests were performed and histopathology was done.
RESULTS:
Washing of blood products improved quality metrics compared to standard products. Also, EV levels reduced by 12% to 77%. The coagulation status, as assessed by thromboelastometry, was deranged in both groups and normalized during transfusion, without significant differences. Use of washed/filtered products did not reduce organ failure, as assessed by histopathologic score and biochemical measurements. Immune response ex vivo was decreased following transfusion compared to sham but did not differ between transfusion groups.
CONCLUSION: Filtering or washing of blood products improved biochemical properties and reduced EV counts, while maintaining coagulation abilities. However, in this trauma and transfusion model, the use of optimized blood components did not attenuate organ injury or immune suppression. T ypically, bleeding trauma patients develop a hypocoagulopathy, referred to as trauma-induced coagulopathy. 1, 2 Balanced resuscitation with blood products in ratios similar to whole blood is the mainstay to treat trauma-induced coagulopathy and prevent exsanguination. However, transfusion is associated ABBREVIATIONS: AST = aspartate transaminase; CINC-3 = cytokine-induced neutrophil chemoattractant 3; EVs = extracellular vesicles; FFP = fresh frozen plasma; LPS = lipopolysaccharide; MAP = mean arterial pressure; MOF = multiple organ failure; PLT = platelet; ROTEM = rotational thromboelastometry; SAGM = salineadenine-glucose-mannitol with adverse effects, including multiple organ failure (MOF) [3] [4] [5] [6] and nosocomial infection. 7 The mechanisms by which transfusion exerts these effects probably include modulation of the host coagulation and immune response. Several studies showed an association between traumainduced coagulopathy and the development of MOF. [3] [4] [5] Also, following trauma, both pro-and anti-inflammatory profiles have been reported. 7 A proinflammatory response can contribute to MOF, 8, 9 while an immunosuppressive response following blood transfusion in trauma patients is thought to predispose patients to postinjury infection. 10 During storage, a variety of biochemical changes occur in blood products, collectively referred to as storage lesion. [11] [12] [13] These biochemical changes include accumulation of bioactive substances, such as lysophosphatidylcholines, 14 soluble CD40-ligand 15 and extracellular vesicles (EVs), 13, 16 and have the ability to exert various proinflammatory processes, for example, priming of neutrophils. 17, 18 EVs, typically ranging from 50 to 500 nm, 19 are present in all blood components and are important contributors to their storage lesion. [20] [21] [22] These EVs may contribute to coagulation in trauma, as low levels have been associated with coagulopathy in trauma. 23 However, EVs in blood products also activate the endothelium, 24 which may derange host response and contribute to organ failure. EVs also mediate proinflammatory and/or immune suppressive processes in trauma. 25 Washing of cells or filtration of plasma may improve blood product quality by reducing EV concentration, [26] [27] [28] as well as the amount of other bioactive agents, including lysophosphatidylcholines 29 and soluble CD40-ligand 30 and thereby decrease transfusion-related adverse events. In line with this, in murine models, washing of cells led to an abrogation of lung injury 31, 32 and systemic inflammation 33 induced by RBCs or platelets. Clinical studies show differential results. Whereas washing of products seemed to reduce systemic inflammation in children undergoing cardiac surgery, 34 this effect was not seen in adults. 27 A Cochrane review investigating the effect of transfusion of washed RBCs in preterm infants also did not show any benefit. 35 However, these studies evaluated RBC transfusions only.
As organ failure associated with transfusion is dose dependent, 3 modification of different blood products during multiple transfusion may have a greater impact on outcome.
The aim of this study was to investigate whether reducing the amount of EVs in transfusion products, by washing RBCs and platelets or filtering plasma, decreases the inflammatory response and occurrence of MOF in a trauma and multiple-transfusion model. Also, we hypothesized that washed/filtered products would attenuate an immunosuppressive effect on host immune response, while maintaining oxygen-carrying and procoagulant capacity.
MATERIALS AND METHODS

Animal study design
The animal care and use committee of our tertiary hospital approved this study. Animal procedures were carried out in compliance with Institutional Standards for Use of Laboratory Animals. A pilot (n = 3) for the induction of trauma and bleeding was performed to set up the model, resulting in metabolic acidosis, as well as a hypocoagulopathic profile as assessed by rotational thromboelastometry (ROTEM) traces. A subsequent pilot (n = 3) was performed to establish the transfusion protocol that resulted in a correction of the coagulopathy and pH levels.
Preparation of blood products
Rat blood products were obtained from syngeneic SpragueDawley rats (Envigo). For each rat in the experiment, a donor rat was available. Following anesthesia, using isoflurane, blood was drawn by heart puncture into a syringe containing 1.25 mL of citrate-phosphate-dextrose (Fresenius HemoCare GmbH). Blood was pooled for component preparation. Blood was handled as we have reported before 31, 32 and stored according to national standards for human blood (Sanquin Blood Supply Foundation). In short, blood was centrifugated for 10 minutes at 1892g and 20 C. Plasma was separated and the buffy coat was removed from the packed erythrocytes. Saline-adenine-glucose-mannitol (SAGM; Fresenius Hemocare) was added to the erythrocytes up to a hematocrit of 60%. 32 The final products were stored at 4 C for 14 days (equaling storage of human RBCs for 35 days). 32 For the preparation of standard rat fresh frozen plasma (FFP) products, the plasma separated from the RBCs was frozen at −80 C and stored for 14 days. For the preparation of standard rat platelet (PLT) products, another batch of animals was used. Whole blood was again collected by heart puncture and centrifugated for 10 minutes at 1892g and 20 C. The plasma was removed and the buffy coat was separated from the RBCs. The buffy coat was diluted with pooled plasma to a hematocrit of approximately 20% and again centrifugated for 10 minutes at 288g and 20 C to separate the majority of the remaining erythrocytes and leucocytes from the platelets. 36 The supernatant, containing platelet-rich plasma, was transferred into culture flasks at 22 C under a 5% CO 2 /95% air mixture for 5 days and was put on a PLT incubator (Helmer) shaking horizontally with 1 cycle/second. 31 
Optimization of blood products
Both standard and optimized RBCs were kept at room temperature approximately 1 hour before transfusion. To optimize the RBC products, they were washed after 14 days of storage.
To obtain soluble factors from the product as much as possible, 0,9% saline was added before centrifugation. The erythrocyte-saline mixture was centrifugated for 15 minutes at 1500g and 4 C. The supernatant was removed and the erythrocytes were washed using SAGM (1:1) and centrifuged for 15 minutes at 1250g and 4 C. The supernatant was removed, and new SAGM was added to the erythrocytes up to the original volume of the rat RBC product. This method was adopted, as it was shown to augment lung injury.
32
FFP products were thawed for 45 to 60 minutes in ice water. After thawing, plasma was kept at room temperature for at least 10 minutes. To optimize the FFP products, the plasma was filtered using a 0.22-μm filter. We chose this filter, as earlier studies showed a reduction in EVs, when a 0.2-μm pore size was used to filter plasma. 28 The rat PLT products were washed after 5 days of storage. The standard PLT products stayed on the PLT incubator until right before transfusion. To optimize PLT products, they were centrifuged for 15 minutes at 1250g and 22
C.
The supernatant of the product was removed. The PLTs were then washed using a leukocyte-reduced apheresis platelet concentrate (Intersol, Fresenius-Kabi), which was added up to the original volume and centrifuged for 15 minutes at 1000g and 22 C. The supernatant was removed, and Intersol was added up to the original volume of the PLT product. This method was used, as it was shown to mitigate lung injury. 31 
Biochemical changes in blood products
Blood products were sampled just before transfusion and analyzed for pH, glucose, electrolytes, and lactate with a blood gas analyzer (Rapidlab 865, Siemens Medical Solutions Diagnostics). In the PLT products, the modified Kunicki morphology score was calculated. 37 
Extracellular vesicle measurements
EVs were measured in supernatant of all standard and optimized blood products. A flow cytometer (Apogee A60-Micro, Apogee Flow Systems), equipped with a 200-mW 405-nm laser, was used to detect forward-scattered light, side-scattered light, and fluorescence of EVs. This flow cytometer was used, as it is able to detect smaller particles in comparison to conventional flow cytometers. 38 To remove cells, blood products were centrifuged twice (1750g, 10 min, 20 C). After being stored in −80 C, supernatant of each blood product was thawed at 37 C and diluted to provide approximately 5.000 events per second to prevent swarm detection of EVs. 39 Twenty μL of prediluted sample was stained with the following lineage-specific monoclonal antibodies to identify the cell of origin of EVs: integrin β3 (sc-53351, Santa Cruz Biotechnology) 40, 41 for PLT-derived EVs, erythroid cell antibody 42 for RBC-derived EVs (BioLegend), and anti-CD45 (NB100-64895APC, Novus Biologicals) 43 for WBC-derived EVs. Rosetta Calibration (Exometry) was used determine the size of EVs 44 according to Mie theory. 45 Data acquisition was performed with Apogee software, and data were processed with FLOWJO v.10.3 (FlowJo LLC). After sedation and analgesia with ketamine 100 mg/mL (Eurovet), dexmedetomidine 0,5 mg/mL (Orion Pharma) and atropine 0,5 mg/mL (Centrafarm), a tracheotomy was performed in the rats and they were put on a mechanical ventilator (Servo 900C, Siemens). Rats were ventilated in a pressure-controlled mode, with 10 cm H 2 O peak inspiratory pressure and 5 cm H 2 O positive end expiratory pressure, and FiO 2 was set at 30%. Recruitment maneuvers were performed every 60 minutes by increasing peak inspiratory pressure to 30 cm H 2 O during 5 breaths. Respiratory rate was set at 35 breaths per minute.
Experimental protocol
Throughout the experiment, rats received ketamine as maintenance anesthesia, and they were monitored using intraarterial blood pressure monitoring. Urine production was recorded and collected using a suprapubic catheter. Polytrauma was induced by crush injury of the small intestines and the left and medial liver lobes using a metal clamp covered with silicone tubing for 3 seconds. 46 The right femur was fractured using a blunt guillotine, in which a 650 g of steel weight dropped on the right femur which was resting on two supporting pillars, one under the hip and one under the knee (see Fig. S1 , available as supporting information in the online version of this paper). The rats then underwent controlled hemorrhage, by withdrawal of blood from a catheter in the carotid artery, until mean arterial pressure (MAP) was 40 mm Hg. This equated to approximately 30% of their estimated circulating blood volume, thereby mimicking the clinical scenario of acute massive bleeding leading to a shock state with severe hypotension, and activation of the host immune response. After approximately 45 minutes in a shocked state, animals were transfused with blood products in a 1:1:1 ratio of RBC:FFP:PLTs until an MAP of 65 mm Hg was reached. To achieve the 1:1:1 ratio, all blood products were pooled together and transfused at a rate of 8 mL/h. Animals did not receive any further fluids. Four hours after transfusion, rats were sacrificed by exsanguination, as earlier models of hemorrhage and resuscitation showed signs of MOF at this time point. 47 Randomization Animals were randomized (n = 8 per group) to receive no transfusion, transfusion with standard blood products, or transfusion with optimized products. Because the administration of crystalloids is also associated with MOF, 3 rats receiving no transfusion did not receive resuscitation of any kind. A fourth group consisted of healthy rats that were used as donors for blood product preparation and as controls in the histopathologic organ examination.
Blood and tissue sampling
Blood samples were collected prior to trauma (T = −1), at the end of the shock period; just after resuscitation was initiated (T = 0); and at 1 (T = 1), 2 (T = 2), and 4 (T = 4) hours (see Fig. 1 ). Plasma levels of aspartate transaminase (AST), alanine transaminase and lactate dehydrogenase were measured using standard enzymatic reactions and spectrophotometric assays. Creatinine was measured by colorimetric determination using creatinase. ROTEM (ROTEM Delta, Werfen) EXTEM measurements were also performed, but only in the transfused rats, since no extra blood could be drawn in the nonresuscitated rats due to severe shock. Every hour, arterial blood gas analysis was performed (Rapidlab 865 blood gas analyzer, Siemens Medical Solutions Diagnostics).
After sacrifice by exsanguination, the trachea and lungs were taken out en bloc. Bronchoalveolar lavage fluid (BALF) of the left lung was performed by instilling 2 mL of sterile 0.9% saline in the trachea three times, using a syringe. Immediately after instillation over 10 to 15 seconds, the fluid was aspirated with the same syringe.
Organs were removed after exsanguination, fixed in 10% buffered formalin, embedded in paraffin and cut into 4-μm-thick slides for histopathologic examination. Organs of the donor rats were harvested as healthy controls to the other groups (n = 8). of IL-6 and cytokine-induced neutrophil chemoattractant 3 (CINC-3; R&D Systems). These cytokines were measured, as they are usually elevated and frequently used in trauma and transfusion models.
Immune response
Ex vivo whole blood stimulation tests with lipopolysaccharide (LPS; from Escherichia coli, lot number 064M4125V) were performed by adding 250 μL of rat whole blood to 250 μL of prepared stimulation solution containing 0.5 ng/mL of LPS.
31,32,48
Histopathologic examination of organ injury
For histopathologic examination, hematoxylin and eosin staining was performed. A pathologist blinded to the treatment groups examined the tissues and graded the severity of injury to the organ on a scale of 0 to 3 (0 = absent, 1 = mild, 2 = moderate, 3 = severe), based on previously published validated scoring systems. 49, 50 Severity of liver injury was assessed by scoring the presence of necrosis, hemorrhage, portal inflammation, and neutrophil infiltration. Kidney injury was scored on the presence of epithelial necrosis or luminal necrotic debris in the cortical tubules, tubular dilation, neutrophil extravasation, and hemorrhage. Lung injury was assessed by scoring the presence of lung edema, interstitial inflammatory cell infiltration, endothelitis and hemorrhage. Injury to the small intestine was scored on the presence of diffuse swelling of the villi, neutrophil infiltration in the submucosa, necrosis, and hemorrhage.
Statistical analyses
Acute lung injury is an important manifestation of MOF in trauma patients. 51, 52 In a previous rat transfusion model, washing of RBC products reduced IL-6 levels, with a mean difference of of 8 ng/g (standard deviation, 4 ng/g).
Therefore, to obtain a power of 80%, assuming a 5% significance level and using a two-sided unpaired t test, a total of six rats should be randomized to each group. As we expected a mortality rate within the groups of around 20%, we included eight rats in each group.
Normality for continuous variables was tested by visual inspection of histograms and by Kolmogorov-Smirnov test. Results are expressed as either mean AE standard deviation or as median AE interquartile range depending on the distribution of the variables. To test for differences between standard and optimized blood products, the Student t test or Mann-Whitney U test was used. For comparisons between the experimental groups, a one-way analysis of variance or Kruskal-Wallis test was used, both with a Dunnett's posttest for multiple comparisons. A p value of less than 0.05 was considered to be statistically significant. Statistics were done with computer sofware (SPSS Statistics 24, IBM).
RESULTS
At baseline (i.e., after tracheotomy but before trauma), animals in the optimized transfusion group had a lower base deficit compared to the other groups (see Table 1 ). Base deficit was not statistically different directly following trauma and transfusion between groups. The nonresuscitated animals did not survive the follow-up period; 3 out of 8 animals survived until 3 hours follow-up, the others died after 2 hours. The resuscitated animals survived throughout the experiment. All animals were severely injured and in shock, reflected by low blood pressure as well as an increased base deficit (see Fig. 1 ). Following resuscitation, MAP increased in both groups receiving transfusion. The group receiving no resuscitation remained on a MAP of 40 mm Hg. The volume of products needed to reach a MAP of 65 mm Hg did not differ between groups (14.7 AE 2.8 mL/kg in the standard transfusion group vs. 14.6 AE 2.7 mL/kg in the optimized group; p = NS). Hemoglobin level did not drop in the group receiving no resuscitation, which may be due to severe fluid depletion, as animals did not receive any fluids and were put on a mechanical ventilator. In line with this, their hematocrit levels increased during the experiment (data not shown).
Effect of filtering or washing on biochemical properties of blood products
Washing of cellular products resulted in an increase in pH and sodium levels, while potassium and lactate levels dropped significantly (see Table 2 ). Glucose levels of the products increased after washing. Filtration of the plasma products did not lead to any significant differences in biochemical properties compared to the nonfiltered product.
Numbers of microparticles reduced by filtering or washing blood products RBC products showed low levels of platelet-derived EVs and WBC-derived EVs, but high levels of erythrocytederived EVs. Washing led to a reduction of 12% in the total number of EVs. FFP showed relatively low numbers of EVs/mL, which decreased 59% following filtration of plasma products. The PLT product showed the highest amount of EVs in the product. A reduction of 77% was found in the number of EVs in the PLT products (see Table 2 ). In particular, the number of vesicles 200 nM or more were reduced in FFP and PLT products after washing or filtering. However, to some extent, smaller EVs were also reduced (see Fig. S2 , available as supporting information in the online version of this paper). Washing of the RBC products did not reduce EVs much. Effect of filtering or washing of blood products on coagulation capacity ROTEM was performed in the transfusion groups but was not feasible in the nontransfused control group. Following trauma and initiation of transfusion, measurements were taken in both transfusion groups. Trauma resulted in hypocoagulopathic traces, as reflected by a decrease in maximum clot firmness and alfa angle when compared to baseline. Resuscitation improved the coagulation status of the rats (see Fig. 2A-D ). There were no significant differences in coagulation profile between rats treated with optimized blood products compared to standard blood products.
Effect of filtering or washing of blood products on organ dysfunction
Compared to healthy controls, the trauma model resulted in organ injury when assessed by histopathology, including kidney injury (p = 0.034) and lung injury (p = 0.031), whereas a trend was found in the induction of gut injury (p = 0.089). Liver injury was not increased when compared to healthy controls. The total organ injury score was significantly higher in shocked rats when compared to healthy rat (p = 0.022). Pulmonary edema was increased in the rats receiving transfusion compared to sham controls and healthy rats (see Fig. 3B ). However, the amount of organ injury did not differ between the transfusion groups (see Fig. 3A ). Also, trauma and transfusion resulted in increased levels of creatinine, AST and alanine transaminase when compared to baseline (see Table 1 ). The rats receiving optimized blood products had significantly lower AST levels compared to the rats receiving standard blood products (p = 0.009), but this difference was gone at the 4-hour time point (p = 0.085). In the other organ systems, no significant differences between the transfusion groups were found (see Fig. 4A-D) .
Effect of filtering or washing of blood products on host response
Trauma and shock resulted in increased systemic levels of IL-6 in plasma over time in all groups. Also, bronchoalveolar lavage fluid samples showed increased levels of IL-6. There was no difference in IL-6 levels between transfusion groups, however (see Fig. 5A-B) .
In ex vivo whole blood stimulation experiments, rats receiving no transfusion showed an intact immune response, as assessed by increased IL-6 levels in response to LPS stimulation, which was abrogated in the transfused rats (p = 0.007). CINC-3 levels were nonsignificantly decreased in the transfused rats (p = 0.280). However, IL-6 and CINC-3 levels did not differ significantly between the group transfused with standard products compared to the optimized products (see Fig. 6A-B) .
DISCUSSION
Hemorrhagic shock and multiple transfusion in trauma patients often results in coagulopathy and organ damage. 6 Our model reflected these derangements. Also, the storage lesion in the rat blood products reflected the storage lesion of expired human blood. 31, 32, 53 Washing or filtering of blood products improved quality metrics of the blood products but did not attenuate the occurrence of organ failure, nor did it improve host response to bacterial antigen LPS in our model. Improvement of products by reducing soluble mediators is gaining attention as an intervention to decrease transfusion-related adverse events. Although concerns have been raised both about decreasing the oxygen-delivering capacity of the products 54 and about feasibility, 55 a trial with washed RBCs in cardiac surgery patients is currently ongoing. 56 Biochemical changes in blood products during storage 17 include accumulation of procoagulant and inflammatory EVs, 21, 57 which can be altered by washing of these products. 26, 58 In vitro, electrolyte balance seems to stabilize and microaggregates are removed from the products. [59] [60] [61] This is in line with our results because electrolyte balance and lactate levels stabilized in our washed cellular products and the numbers of EVs dropped markedly in all blood products after washing or filtering. However, the effect of RBC washing on the amount of EVs was modest. A possible explanation could be that washing may have contributed to increased membrane instability and EV formation. This is supported by the fact that we measured so-called ghost erythrocytes in our washed RBC products, which are 6-to 8-μm empty cell fragments. Importantly, in vivo coagulation ability as measured by ROTEM was not adversely affected by washing or filtering of blood products. Several studies have shown the procoagulant potential of EVs in blood products in vitro. 21, 63 Earlier studies in rats have shown that transfusion of washed RBC products leads to a prolongation of the clotting time and a reduction in clot strength, compared to transfusion of standard RBCs. 64 It is thought that washing of RBC products with normal saline removes residual plasma proteins, leading to a reduction in the hemostatic properties of RBCs. 61 In our study however, removal of these EVs did not alter the in vivo coagulation properties in our model. Both transfusion groups received FFP and platelets next to RBCs, possibly eliminating any effect of washed RBCs on the coagulation status of the rats. Also, lactate levels were similar in the transfusion groups, which may reflect an equal ability of washed RBCs to deliver oxygen to tissues when compared to standard RBCs. Despite improved biochemical properties of the blood products and a reduction in the amount of EVs, we found little effect of washing or filtering on organ functioning. The only exception was that AST levels were decreased after transfusion with optimized products compared to standard products. This may be in line with a study in a rat hemorrhage model, where it was shown that liver injury was lower in animals receiving fresh blood compared to stored blood. 65 The limited benefit of washing of products in our study reflects findings in a porcine model, in which washing of RBC products did not reduce organ injury compared to standard transfusion products. 66 These previous studies focused on transfusion of RBC blood products only. In a setting of transfusion of multiple modified blood products, the possible mitigating effect of washing of products on organ damage would be expected to be greater. Our results, however, suggest that optimizing blood products in the setting of multiple transfusion also does not limit organ damage. Furthermore, washing or filtering of blood products did not affect host immune response. Our model was characterized by a systemic proinflammatory response, as reflected by increased plasma and bronchoalveolar lavage fluid IL-6 levels, as shown before in vitro. 67 There were no differences between transfusion groups on IL-6 levels in our study. Previous studies have shown contrasting results of washing of RBCs, with both a decrease in cytokine production as well as no effect at all. 18, [31] [32] [33] Concurrent with systemic inflammation, a simultaneous immune depression of the innate immune cells may occur after transfusion. 7, 67 In line with this, we observed a decreased cytokine response to stimulation with LPS in transfused rats compared to the rats receiving no transfusion. However, this immunosuppressive effect of transfusion was not altered by washing or filtering of the blood products. An explanation may be that the cellular component of products are responsible for the immunomodulatory effect. This is underlined by an in vitro study in which the cellular component of autologous collected blood induced antiinflammatory cytokine production, whereas no effect was found after the cells from the salvaged blood were removed. 68 Also, residual WBCs may play a role in the occurrence of transfusion-related immunomodulation. 69 The study had some limitations. The time frame of 4 hours of follow-up may not have been sufficient for an intervention to modulate a difference in organ damage. Also, the measurement of EVs using flow cytometry may have failed to detect the smallest EVs and may have underestimated the amount of vesicles in the products. Furthermore, apart from EVs, we did not measure any other bioactive mediators in the blood products. However, washing and filtering protocols have previously shown to reduce lysophosphatidylcholines and CD40-ligand. A strong aspect of our study is that this is the first preclinical study investigating transfusion of several modified blood products (RBCs, PLTs, and FFP) simultaneously.
CONCLUSION
Filtering or washing of blood products reduces aspects of storage lesion, without affecting the hemostatic capacity of the products but does not result in reduced organ injury, nor does it improve the immunosuppressed host response in our model. These results suggest that washing or filtering of blood products may have no relevant clinical effects. 
